MrpC, a member of the CRP/Fnr superfamily of transcriptional regulators, plays a key role in coordination of the multicellular developmental program in Myxococcus xanthus. Previous reports suggest MrpC is subject to complex regulation including activation by an unusual LonD-dependent proteolytic processing event that removes its unique N-terminal peptide, producing the isoform MrpC2. MrpC2 is proposed to positively autoregulate and regulate transcription of hundreds of genes necessary for both the aggregation and sporulation phases of the developmental program. We demonstrate here that mrpC expression bifurcates corresponding to different cell populations within the developmental program. During our analysis of regulatory events controlling this process, we demonstrate that MrpC2 is not an active isoform; rather, the N-terminal peptide is instead essential for MrpC function in vivo. We also demonstrate that MrpC is instead a negative autoregulator and represses its own expression by specifically competing with its enhancer binding protein, MrpB. These results provide an additional rare example of CRP/EBP coordinated regulation, and significantly revise the model for control of the central developmental transcriptional activator of the M. xanthus developmental program.
Introduction
The CRP/Fnr superfamily of transcriptional regulators is widespread in bacteria and play major roles in coordinating gene expression during key cellular processes (e.g., catabolite repression, adaptation to low oxygen and regulation of virulence) [reviewed in (Korner et al., 2003) ]. For example, Escherichia coli CRP, one of the founding members of this family, responds to internal cAMP levels to coordinate expression of genes involved in sugar metabolism (Kolb et al., 1993; Busby and Ebright, 1999) . cAMP-CRP can act as either an activator or repressor of gene transcription by making contacts with the RNA polymerase (RNAP) holoenzyme at r 70 -dependent promoters. More rarely, CRP proteins have been shown to effect gene transcription driven by the alternate sigma factor, r
54
. Unlike canonical sigma factors, r 54 -RNAP binds to a promoter consensus sequences located 212 and 224 base pairs (bp) upstream from the transcriptional start (Barrios et al., 1999) and requires additional proteins, termed bacterial enhancer binding proteins (bEBPs) , to stimulate open complex formation at the promoter (Popham et al., 1989) . bEBPs typically contain an AAA1 ATPase domain flanked by an N-terminal activation domain and a C-terminal DNA binding domain. bEBPs recognize upstream activation sequences (UAS) typically located between 80 and 150 bp upstream from the r 54 promoter. On UAS binding, activated bEBPs oligomerize, directly contact the r 54 -RNAP via DNA looping, and hydrolyze ATP to stimulate open complex formation [reviewed in (Bush and Dixon, 2012) ]. cAMP-CRP has been shown to regulate r 54 -dependent promoters important for the metabolism of alternative carbon sources (Lee et al., 2005; Zhang et al., 2014) , and nitrogen assimilation (Mao et al., 2007) . Since activation of the bEBP, CRP and r 54 availability each depend on distinct stimuli, such systems function to integrate and coordinate information. Integrated transcriptional regulation networks play an important role in regulation of complex behaviors (Giglio et al., 2011; Bush et al., 2015) .
Myxococcus xanthus serves as a model organism for multicellular behavior in bacteria. Under the vegetative phase of the life cycle, M. xanthus obtain nutrients by cooperative predation on other microorganisms or digestion of decaying organic material (Rosenberg et al., 1977) . Nutrient limitation initiates a dedicated multicellular developmental program during which cells segregate into distinct cell fates . Some cells are directed to migrate into mounds of approximately 100,000 cells (fruiting bodies). Cells inside fruiting bodies launch a sporulation program resulting in a whole-cell morphogenesis into spherical, environmentally resistant spores. Two other cell fates are observed during the developmental program: cell lysis, likely via programmed cell death (PCD) (Wireman and Dworkin, 1977; Lee et al., 2012) , and formation of a persister-like state termed peripheral rods (O'Connor and Zusman, 1991) . Peripheral rods neither aggregate nor sporulate and represent a spatially distinct cell fate.
A genetic regulatory network controlling fruiting body formation and subsequent sporulation has been described (Kroos, 2017) . One of the key players in this network is the transcriptional regulator, MrpC which is a member of the CRP/Fnr superfamily. MrpC is essential for aggregation into fruiting bodies (Sun and Shi, 2001) , as well as for induction of the sporulation program (Muller et al., 2010) . MrpC accumulates highly in cells in aggregation centers, but not in peripheral rods . Consistent with a key role in the developmental program, MrpC is subject to multiple levels of regulation. mrpC transcription is driven from a putative r 54 -dependent promoter, and the bEBP, MrpB, appears to be essential for its regulation (Sun and Shi, 2001) . It has been previously proposed that MrpC is a positive autoregulator, because activity of an mrpC transcriptional reporter was abolished in an DmrpC background (Sun and Shi, 2001) . No ligand is known for MrpC (Mittal and Kroos, 2009b) , but it has been proposed that MrpC is activated by a Lon-dependent proteolytic processing event, which removes the first 25 amino acids from the amino terminus, producing the MrpC2 isoform (Nariya and Inouye, 2006) . MrpC2 was shown to have a higher affinity for at least two of its targets, mrpC and fruA (Nariya and Inouye, 2006) . It was proposed that processing of MrpC into MrpC2 was negatively regulated by a Ser/Thr kinase cascade, which phosphorylates Thr residues near its amino terminus (Nariya and Inouye, 2006) . MrpC-P was proposed to prevent MrpC2 production and thus repress MrpC activity. MrpC is also subject to proteolytic turnover in processes that are dependent on return of nutrients to the starving population (Rajagopalan and Kroos, 2014) , or on the EspAC signalosome (Schramm et al., 2012) . Addition of nutrients prior to the onset of sporulation triggers proteolytic turnover of MrpC, allowing cells to avoid the energetically expensive commitment to sporulation. The EspAC signaling system controls an unidentified protease(s) that limits MrpC accumulation early during the developmental program. In the absence of espA and/or espC, MrpC accumulates inappropriately rapidly, which induces cells to prematurely aggregate, form disorganized fruiting bodies, and also disrupts the normal spatial segregation of spores such that they can be also be observed amongst the peripheral rods (Cho and Zusman, 1999; Higgs et al., 2008) . Together, these observations make control of MrpC accumulation and/or activity an attractive target to regulate segregation of cells into distinct cell fates: return to vegetative growth, directed movement into multicellular aggregates, differentiation into spores or differentiation into peripheral rods.
To begin to more thoroughly characterize the role of MrpC and its MrpC2 isoform in cell fate segregation, we set out to examine its expression patterns in distinct cell populations using a reporter containing the red fluorescence protein, mCherry. Our analyses indicated mrpC expression bifurcates during development corresponding with peripheral rod and fruiting body populations. During this investigation, we demonstrated that MrpC2 is not an active isoform in vivo and is likely an artifact of protein sample preparation. Furthermore, in contrast to previous reports, we showed MrpC is a negative autoregulator. To characterize the mechanism of negative autoregulation, we confirmed mrpC expression is induced by the bEBP, MrpB and identified two MrpB binding sites near the mrpC promoter. We demonstrated that MrpC and the DNA-binding domain of MrpB compete for binding to an overlapping site, providing a plausible mechanism to explain the observed negative autoregulation by MrpC. A revised model for MrpC-dependent regulation of the complex M. xanthus developmental program is presented.
Results

mrpC expression differs in cells with distinct fates
We have previously observed that MrpC accumulates to different levels within different populations during development . To determine whether regulation of mrpC expression plays a role in this process, we constructed a fluorescent reporter by fusing the promoter region of mrpC (-331 to 13) to the second codon of the mCherry gene (P mrpC -mCherry). The reporter was integrated into the Mx8 phage attachment site (attB) in the M. xanthus DZ2 wild-type background. Cells were induced to develop under submerged culture and the developmental phenotype was examined. Under these conditions, both the wild-type and the reporter-containing wild-type strain began to aggregate between 24 and 36 h and produced darkened fruiting bodies filled with resistant spores by at least 72 h (Fig. 1A and Supporting Information Fig. S1A ). These results indicated that incorporation of the reporter into the Mx8 phage attachment site did not significantly affect the developmental program. To examine the mrpC reporter levels, samples were harvested at 0, 12, 18, 24, 36 and 48 h of development and fluorescence was detected in a microplate reader. mCherry fluorescence was upregulated 3.3-fold by 12 h after the onset of starvation (T 5 0) and continued to rise to 23-fold by 48 h (Fig 1B, white squares). This expression pattern is similar to previous reports in which mrpC expression was analyzed using a b-galactosidase reporter in the DK1622 strain background (Sun and Shi, 2001) , given the differences in timing of the developmental events between these two strains . We next used the mCherry reporter to examine expression levels in individual cells during development. A. Developmental phenotypes of wild-type (wt; DZ2) and DmrpC (PH1025), DmrpB (PH1121) or mrpB D58A (PH1123) strains. Development was induced under submerged culture and images of the developing population were recorded at the indicated hours of development. White arrow: aggregation centers; gray arrow: mature fruiting bodies containing resistant spores. Bar: 0.1 mm. Average and associated standard deviation of the number of heat and sonication resistant spores isolated at 112 h of development are recorded as a percent of wild-type spores and depicted to the right. n.d.: none detected (< 0.9% of wild-type spores). B. mCherry fluorescence produced by total developing populations from strains expressing the P mrpC -mCherry reporter in the wild-type (wt; PH1100), DmrpC (PH1104), DmrpB (PH1122), mrpB D58A (PH1124) or DmrpC mrpB D58A (PH1126) backgrounds. Development was induced in submerged culture for the indicated hours and mCherry fluorescence was detected in a plate reader (Tecan M200) and normalized to total protein in each sample. The average arbitrary unit (AU) of mCherry fluorescence and associated standard deviation from three independent biological replicates was plotted. Background: strain DZ2 (wild-type) lacking the reporter. C. Average AU mCherry fluorescence recorded from epifluorescence micrographs of individual wild-type cells expressing the P mrpC -mCherry reporter (strain PH1100) (n 100) in aggregated (squares) and nonaggregated (circles) subpopulations harvested at the indicated hours of development. D. Immunoblot analysis of equal numbers of PH1100 cells from the nonaggregated (NA) and aggregated (A) cell populations at the indicated hours of development were probed with anti-mCherry (top) or anti-MrpC (bottom) sera.
Negative autoregulation by MrpC 247
For this experiment, cells induced to develop under submerged culture were harvested and subjected to centrifugation to separate aggregated (pelleted cells in clusters, mounds or fruiting bodies) and nonaggregated cells (supernatant pre-aggregating cells and peripheral rods) (Lee et al., 2010) . Cells in each of these fractions were gently dispersed, examined under a fluorescent microscope, and the relative fluorescence of 100 cells in each population was measured. The average signal intensity of each population was plotted versus time of development. Under these conditions, we could observe mCherry fluorescence in the two populations was similar until 30 h which is just prior to formation of obvious aggregation centers (Fig. 1C) . mCherry fluorescence continued to increase in cells in the aggregated fraction but not in the nonaggregated fraction. Thus, between 30 and 48 h, the ratio of average nonaggregated to aggregated reporter fluorescence was 0.8-fold. For the mrpC reporter, analysis of equivalent numbers of cells from the supernatant and pellet fractions harvested directly after separation and analyzed by anti-mCherry immunoblot, confirmed that mCherry levels were similar at 18 h, and higher in the aggregated fractions at 36 h (NA/A ratio 0.7) (Fig. 1D) . At 36 h, we also confirmed MrpC protein levels were significantly higher in the aggregated cell fraction (NA/A ratio 0.4), and that the MrpC2 isoform, previously proposed to positively autoregulate mrpC expression could be identified in the aggregated, but not nonaggregated fraction. The small but reproducible difference between mrpC expression in the two populations could be confirmed using quantitative reverse transcriptase-PCR analysis of RNA isolated from the two populations; an average mrpC NA/A ratio of 0.7 was observed (Supporting Information Fig. S1B ). Together, these results suggest mrpC expression correlates with distinct cell populations, due (at least in part) to transcriptional, but likely also post-transcriptional differences. We, therefore, set out to investigate the regulatory mechanisms influencing mrpC expression during cell fate segregation.
MrpC is a negative autoregulator
To examine the role of factors known to influence mrpC expression, we first generated strains in the M. xanthus DZ2 background bearing disruptions in the bEBP, MrpB. MrpB contains a N-terminal receiver domain and is predicted to become activated by phosphorylation of the invariant Asp residue at position 58 (D58) (Sun and Shi, 2001 ). We, therefore, generated a DZ2 mutant bearing an mrpB in-frame deletion (DmrpB) or nonphosphorylatable allele (mrpB D58A ) and inserted the mrpC-mCherry reporter in these and the DmrpC backgrounds. Cells were induced to develop under submerged culture and the developmental phenotype was examined at 12, 18, 24, 36, 48 and 120 h after the onset of starvation. As previously observed (Sun and Shi, 2001; Lee et al., 2012) , the DmrpC, DmrpB and mrpB D58A mutants failed to form fruiting bodies or produce resistant spores ( Fig. 1A and Supporting Information Fig. S1A ). These results are consistent with the model in which mrpC is essential for development and phosphorylated MrpB (MrpB-P) is necessary for induction of mrpC.
To examine the mCherry reporter in each of these backgrounds, samples were harvested in triplicate at each time point and fluorescence was analyzed by plate reader. As expected (Sun and Shi, 2001) , no significant mCherry fluorescence was observed in the DmrpB or mrpB D58A backgrounds (Fig. 1B) . However, in stark contrast to previously published results (Sun and Shi, 2001) , the level of the reporter was dramatically increased in the DmrpC background; at least 2.8-fold higher mCherry fluorescence over the wild-type background was observed at 24 h.
To confirm that our observation was not an artifact of our reporter system, we performed qRT-PCR on mRNA isolated from reporterless wild-type and mutant strains at 24 h of development. Primers were designed to amplify 71 bp from the 5' untranslated region of mrpC mRNA, which is present in both the wild-type and DmrpC strains (Supporting Information Fig. S1C ). mrpC transcript was detected 4.2-fold (range 1.6-6.7) higher in the DmrpC background than in the wild-type, but was virtually absent in the DmrpB or mrpB D58A mutants, or in a DmrpC mrpB D58A double mutant (Supporting Information Fig. S1C ). These results indicated that our reporter system for mrpC expression was functioning correctly; the discrepancy with previous published results is addressed in the Discussion. Together, these results strongly suggested MrpC functions as a negative, rather than a positive, autoregulator. We next set out to examine whether MrpC and MrpC2 played different roles in autoregulation.
MrpC2 does not activate development
Previous reports hypothesized that MrpC is activated to induce M. xanthus development by a proteolytic processing event that removes the first 25 amino acids from its amino terminus, to produce the MrpC2 isoform (Nariya and Inouye, 2006) . MrpC2 was proposed to induce development by efficiently binding to the fruA promoter to induce its expression. Based on this model, we hypothesized that cells locked for production of MrpC2 would exhibit development earlier than the wild-type. We first generated a strain which could only express MrpC2 by deleting the first 25 codons from the mrpC gene within its endogenous locus (mrpC D1-25 ). When the wild-type, DmrpC and mrpC D1-25 strains were induced to develop under submerged culture, the wildtype produced visible aggregates by 28 h of starvation and mature fruiting bodies after 72 h ( Fig. 2A) . Unexpectedly, the mrpC D1-25 strain failed to develop; it phenocopied the DmrpC mutant ( Fig. 2A) . To determine whether the MrpC2 protein was produced, wild-type, DmrpC and mrpC D1-25 cell lysates were prepared from 0, 12, 24, 30 and 36 h developing cells and subject to anti-MrpC immunoblot (Fig. 2B, top panel) . The MrpC2 isoform was detected as a smaller band produced earlier but at similar levels as the full length MrpC protein ( Fig. 2B and Supporting Information Fig. S2A ). To examine whether the mrpC D1-25 mutant produced FruA, we probed the cell lysates with FruA antisera (Fig. 2B and Supporting Information Fig. S2A bottom panels) . While the wild-type lysates accumulated FruA between 12 and 36 h of development, the mrpC D1-25 mutant produced very low levels of FruA at 12 h, which failed to increase in the 24, 30 or 36 h samples. As expected, no MrpC or FruA could be detected in the DmrpC lysate. Thus, MrpC2 does not appear to be able to efficiently induce production of FruA, which likely explains why the cells fail to aggregate (Ogawa et al., 1996) .
To confirm the observation that MrpC2 failed to promote development using a different approach, we instead examined whether mrpC 26-248 (MrpC2) could complement the DmrpC background. For these analyses, we generated DmrpC strains expressing full length mrpC or mrpC 26-248 under its own promoter from the Mx8 phage attachment site. When these strains were induced to develop, the full length mrpC construct could restore development in the DmrpC background, whereas the mrpC 26-248 construct could not (Supporting Information Fig. S2B ).
Unlike FruA, or other proteins necessary to induce aggregation of cells into fruiting bodies (Hagen et al., 1978; Ogawa et al., 1996) , MrpC is absolutely necessary to induce the core sporulation program, because mrpC mutants fail to produce spores by the chemicalinduced sporulation pathway (Muller et al., 2010) . Chemical-induction of sporulation occurs upon addition of 0.5 M glycerol to vegetative cells growing in liquid culture and bypasses the aggregation stage (Dworkin and Gibson, 1964) . When mrpC D1-25 , DmrpC or wild-type strains were chemically induced, both mutant mrpC strains failed to produce any spherical, phase-bright spores (Supporting Information Fig. S2C ). Furthermore, when the P mrpC -mCherry reporter was analyzed in the mrpC D1-25 background, mCherry fluorescence was observed with the same pattern as in the DmrpC background with increased levels over the wild-type (Supporting Information Fig. S2D ). These results suggested MrpC2 was either (1) unable to bind its own promoter region and was, therefore, unable to repress its own transcription, (2) able to bind to its promoter but incompetent for interfering in MrpB-dependent activation or (3) specifically acting as a positive autoregulator as was originally proposed.
MrpC and MrpC2 bind with equivalent affinity to four distinct sites within the mrpC upstream region
We next set out to compare how MrpC and MrpC2 may bind to individual sites within the mrpC promoter region. We took advantage of a previously identified MrpC consensus sequence (Robinson et al., 2014) , as well as DNA footprinting data (Nariya and Inouye, 2006) , to identify five putative binding sites for MrpC (BS 1, 2, 3, 4 and 5) ( Fig. 3A and B ). To first confirm these regions were specifically bound by MrpC, we purified His-tagged fulllength MrpC (His 6 -MrpC) and performed electrophoretic mobility shift assays (EMSAs) with 50 nM fluorescently labeled DNA probe that contained the predicted sequence for binding site 1 and increasing concentrations of MrpC (Fig. 3C ). Probe shift could be observed with 0.25-2 lM MrpC. This interaction was specific because the shifted complex could be chased away with the addition of excess unlabeled specific DNA probe (Fig. 3C , lane 6), but MrpC does not shift a mutated version of the probe (Fig. 3C , lanes 7-8) or a nonspecific probe (Fig. 3C , lanes 9-10). MrpC could specifically shift probes containing binding sites 1, 3, 4 and 5, but not binding site 2 ( Fig. 3D and Supporting Information Fig. S3 ). Similar binding affinities were observed on binding sites 1, 3, 4 A. Schematic of the mrpC promoter. The mrpC gene (orange arrow) and its upstream regulatory elements: the putative r 54 promoter (purple box), transcriptional start (Nariya and Inouye, 2005) , predicted MrpC binding sites (BS) 1-5 (dark blue boxes), predicted MrpB upstream activating sequences (UAS) 1-2 (green boxes) are illustrated. MrpC binding regions identified by DNase footprint experiments (Nariya and Inouye, 2006) are indicated by light blue lines below the putative binding sites. The promoter region is drawn to scale; size of 30 bp is indicated. B. Sequences of the EMSA probes compared to the MrpC consensus sequence (top line) identified in (Robinson et al., 2014) . Probes 1-5 correspond to BS 1-5 respectively. Probes 3 and 4 also contain UAS 1 and 2 respectively. Y: C/T; R: A/G; n: any base. Putative MrpC binding sites are in color where blue and red bases indicate consensus match and mismatch respectively. Bases indicated in green were altered in the mutant BS1 probe. Predicted MrpB UAS sequences 1 and 2 are underlined in probes 3 and 4 respectively. C. MrpC binds specifically to BS 1. Electrophoretic mobility shift assay (EMSA) performed with 50 nM probe 1 and purified His 6 -MrpC (MrpC) at the concentrations indicated (lanes 1-6). Lane 6 (chase reaction) additionally contains 5.5 mM unlabeled probe 1 (109-fold excess). Lanes 7-10: control reactions containing 50 nM mutant probe 1 (lanes 7-8) or nonspecific probe (lanes 9-10). D. MrpC binds to binding sites 1, 3, 4 and 5. EMSA performed with 50 nM probes 1-5 [corresponding to the putative MrpC binding sites (BS) indicated below] in the absence (-) or presence of 1 lM purified His 6 -MrpC (MrpC). Chase reactions are shown in Supporting Information Fig. S3 . E. MrpC2 and MrpC bind to BS4 with indistinguishable affinity. EMSA performed with 50 nM probe 4 and purified His 6 -MrpC (left panel) or His 6 -MrpC2 (right panel) at the indicated concentrations. Lanes 6 (chase reactions) additionally contain 5.5 mM (109-fold excess) of unlabeled probe 4. '-': no MrpC added; white arrows: free probe; grey arrows: MrpC-probe complex; black arrows MrpC2-probe complex. Due to limitations in available reaction volume, chase reactions were performed with 1 mM MrpC or MrpC2.
and 5, because titrations of MrpC with each probe resulted in shifts with similar concentrations (Supporting Information Fig. S3 ).
To determine whether MrpC2 also bound to each probe, we next affinity purified tagged MrpC lacking the first 25 amino acids (His 6 -MrpC2), and performed the EMSA assays as above. Interestingly, MrpC2 behaved identically to MrpC in these assays: binding could be detected with equal affinity on probe 4 (Fig. 3E ) as well as probes 1, 3 and 5, but not 2 (Supporting Information  Fig. S3 ), indicating that MrpC2 is not defective at binding to the identified MrpC binding sites in vitro. To understand why MrpC2 fails to negatively autoregulate in vivo, we set out to understand the mechanism by which MrpC functions to repress expression from its own promoter.
MrpB binds to two upstream activation segments to activate transcription of mrpC MrpB has been predicted to function as a bEBP for the mrpC putative r 54 -dependent promoter. bEBP's usually bind to upstream activation sequences (UASs) and, via DNA-bending, stimulate r 54 -RNAP open complex formation. Using UASScan (Cases et al., 2003) , we identified two putative bEBP sites 2133 (UAS1) and 2164 (UAS2) bp upstream of the mrpC gene ( Fig. 3A and B) . To determine if MrpB could bind to these predicted sequences, we performed EMSAs using the previously employed strategy of fusing the DNA binding element of a bEBP to a recombinant protein (Giglio et al., 2011) , in this case the Trx tag encoded by the protein expression vector, pET32. For these EMSAs, 0-0.5 lM purified recombinant His-tagged MrpB DNA-binding domain (Trx-His 6 -MrpB HTH ) was incubated with 50 nM of fluorescently labeled UAS1 and UAS2 DNA probes (Fig. 4A ). Both UAS1 and UAS2 probes shifted upon addition of 0.125 to 0.5 lM MrpB HTH (Fig. 4A , lanes 2-4) which could be chased away with addition of excess unlabeled probe (Fig. 4A , lane 5) . This binding was specific because no shifted complex was detectable when 0.5 lM MrpB HTH was incubated with a nonspecific probe ( Fig. 4A lanes 6-7) . Together these results indicate that MrpB directly and specifically binds to UAS1 and UAS2 in the mrpC promoter.
To confirm that mrpC expression depends on UAS1 and UAS2, we a generated reporter lacking UAS1 and 2 and BS5 (P DBS3-5 -mCherry) by deleting the region upstream of bp 2161 relative to the mrpC promoter (Fig. 4B) . We also generated reporter lacking only BS5 (P DBS5 -mCherry) by deleting the region upstream of 2238 bp (Fig. 4B) . Each reporter was placed in the wild-type background, and phenotypic analysis indicated these mutant reporter strains behaved identically to the strain bearing the reporter with the wild-type mrpC promoter region (data not shown). We, therefore, measured mCherry fluorescence driven from the wild-type promoter compared to the two mutant promoters throughout development as described above. Deletion of the region containing BS5, UAS1 and UAS2 resulted in mCherry fluorescence that was essentially abolished (0.2 6 0.1-fold of wild-type reporter levels between 12 and 48 h; Fig. 4C ). However, deleting BS5 alone (leaving UAS1 and UAS2 intact) resulted in an average 2.3 6 0.2-fold increase in fluorescence over the wildtype reporter between 12 and 48 h. These data suggest that UAS1 and UAS2 are essential for induction of mrpC expression, while BS5 is necessary for partial negative autoregulation, likely by MrpC.
MrpC competes with MrpB for binding to upstream activation segments
MrpC binding sites 3 and 4 significantly overlap the two MrpB binding sites, UAS1 and UAS2 ( Fig. 3A and B) , immediately suggesting that MrpC could function as a negative autoregulator by preventing MrpB from binding. To examine whether MrpC and MrpB bind simultaneously or instead compete for binding to the UAS regions, we performed EMSAs with probes 3 and 4 and His 6 TrxMrpB HTH in the absence or presence of His 6 -MrpC. Since these MrpB-and MrpC-probe complexes were of similar size, we performed the EMSAs in the presence of Trx antibodies to supershift the Trx-tagged MrpBprobe. The Trx antibodies did not affect MrpC-probe complex formation (data not shown). As observed previously, incubation of only MrpC or MrpB HTH with 25 nM either probe 3 (Fig. 4D , top panel) or probe 4 (Fig. 4D , bottom panel) resulted in a shifted complex (Fig. 4D lanes 2 and 7; grey and black arrows respectively) relative to the probe alone (Fig. 4D, lane 1) . When each probe was first incubated with 2 lM MrpC and then 0.125, 0.25, 0.5 or 1 lM MrpB HTH was added (Fig. 4D , lanes 3-6), the MrpC-probe complex decreased while the MrpB HTH -probe complex increased (see Supporting Information Fig. S4 for quantitation of band intensities). MrpB HTH appeared to be more efficient at competing with MrpC for probe 4 than for probe 3. Chase reactions performed by addition of 4.6 lM (182-fold excess) of the respective unlabeled probes efficiently chased the MrpB HTH -probe complex and reduced the MrpC-probe complex to 0.34-and 0.43-fold of the starting MrpCprobe complex intensity, for probes 3 and 4 respectively ( is twice as concentrated as the MrpB protein in these assays and we were limited by the amount the unlabeled probe we could add to these reactions (see Supporting Information Fig. S4 ). Importantly, no band corresponding to a MrpB HTH -MrpC-probe complex could be detected. Together, these results suggest that MrpB HTH and MrpC compete for binding at the overlapping UAS/BS site, rather than bind simultaneously. Thus, at least some of the negative autoregulation from MrpC likely occurs in vivo by excluding MrpB from binding to UAS1 and 2, preventing activation of mrpC expression.
MrpC2 is likely an artifact of cell preparation
Our data so far suggested that the N-terminal region of MrpC is essential for its activity in vivo, but MrpC2 seems to have no defect in binding to the four binding sites in the mrpC promoter in vitro (Supporting Information Fig. S3 ) or to the fruA promoter (Robinson et al., 2014) . We next set out to more closely define when MrpC2 is produced in vivo. LonD had been previously proposed to be necessary to produce MrpC2 (Nariya and Inouye, 2006) based on the observation that MrpC2 is not observed in a lonD mutant. However, the lonD mutant also has a strong developmental defect (Gill and A. MrpB binds to UAS1 and UAS2. Electrophoretic mobility shift assay (EMSA) performed with 50 nM probe 3 (top panel) or probe 4 (bottom panel) and purified Trx-MrpB DNA binding region (MrpB HTH ) at the indicated concentrations (lanes 1-5). Lanes 5 (chase reactions) additionally contain 5.5 mM (109-fold excess) of the respective unlabeled probe. Lanes 6-7: control reactions containing 50 nM nonspecific probe. B. Schematic of the mrpC promoter (P) mutants generated in this study. P mrpC -mCh: the wild-type mrpC promoter region fused to mCherry (red arrow). See Fig. 3 legend for color coding. C. mCherry fluorescence produced from the indicated reporter constructs depicted in B. Strains PH1100 (wt; P mrpC -mCh), PH1104 (DmrpC; P mrpC -mCh), PH1161 (wt; P DBS3-5 -mCh), PH1162 (wt; P DBS5 -mCh) and DZ2 (wt) were induced to develop under submerged culture and harvested at the indicated time points. mCherry fluorescence recorded as arbitrary units (AU) (Typhoon Imager) was normalized to total protein in each sample. Data points are the average and associated standard deviation from two independent biological replicates. D. MrpB and MrpC compete for binding to the UAS1/BS3 and UAS2/BS4 sequences. EMSAs were performed with 25 nM probe 3 (top panel) or 4 (bottom panel) and either His 6 -MrpC (MrpC) alone, Trx-MrpB HTH (MrpB HTH ) alone or MrpC and MrpB HTH together, at the indicated concentrations. Lanes 8 (chase reactions) additionally contain 4.5 lM unlabeled probe 3 (top panel) or unlabeled probe 4 (bottom panel). '-': none added; white arrows: free probe; black arrows: MrpB HTH -probe complex; grey arrows: MrpC-probe complex. Quantification of the MrpCand MrpB HTH -probe complex intensities is shown in Supporting Information Fig. S4 . Cull, 1986; Tojo et al., 1993) suggesting it may simply have a block at an early developmental stage prior to accumulation of MrpC. We rationalized that if LonD was essential for MrpC activation, it should also be necessary for MrpC2 production during the chemical induced sporulation pathway in which increasing MrpC accumulation is not coupled to aggregation. We, therefore, generated an insertion in lonD in the M. xanthus DZ2 background and confirmed that this mutant failed to develop. To examine MrpC isoforms during this process, we performed an anti-MrpC immunoblot on cell lysates harvested from cells induced to sporulate for 30 min by addition of 0.5 M glycerol. We observed the MrpC2 band in sonicated lysates of the lonD mutant at similar levels to wild-type (Fig. 5) . These results indicate that LonD is not necessary for generation of MrpC2.
Finally, during our analysis of MrpC levels by immunoblot, we observed that detection of the MrpC2 isoform varied depending on the method used to prepare protein lysates. To investigate this phenomenon more thoroughly, we examined MrpC2 production under conditions in which nonspecific proteolysis is minimized. Equal aliquots of cells were harvested from cells induced by glycerol for 30 min and proteins were prepared by (1) direct precipitation from cells using trichloroacetic acid (TCA), (2) direct resuspension of cells in sample buffer followed by immediate protein denaturation at 998C or (3) sonication to lyse cells followed by addition of sample buffer. Immunoblot analysis of these samples clearly revealed that 'MrpC2' was only detected in the sonicated samples, whereas with TCA precipitation or immediate denaturation of proteins, only full-length MrpC could be detected (Fig. 5 ). These observations strongly suggest MrpC2 is an artifact of cell lysate preparation. Together, these data indicate that MrpC2 does not play a role in activating M. xanthus development.
Discussion
In this study, we significantly revised the model concerning activation and regulation of MrpC, a central transcriptional regulator necessary to induce and coordinate multiple phases within the M. xanthus developmental program. The data described here strongly suggest that (1) MrpC functions as a negative, rather than a positive, autoregulator and (2) the unique amino-terminus of MrpC does not repress its activation as a transcription factor -it is instead fully necessary for its function in vivo. This data corrects an established model in the literature (Ueki and Inouye, 2006; Inouye and Nariya, 2008; Bretl and Kirby, 2016; Kroos, 2017) and has important implications for the genetic regulatory network that controls the M. xanthus developmental program.
MrpC was first proposed to be a positive autoregulator because activity of an mrpC b-galactosidase reporter was lost in an mrpC mutant background. Our reinvestigation using a newly constructed reporter indicated mrpC expression was significantly and reproducibly higher in a DmrpC strain compared to the wild-type (Fig. 1B) . As similarly increased mrpC expression could be confirmed by qPCR in reporterless backgrounds (Supporting Information Fig S1C) , we conclude the discrepancy in these two observations is not due to our reporter construct. We do not understand precisely why our results differ from the previous study, but there are two possibilities: First, the b-galactosidase reporter was fused after mrpC codon 97 (Sun and Shi, 2001) , while the mCherry reporter used here was fused to the second mrpC codon. This raises the possibility that there is translational regulation involving the region between codons 2 and 97 of mrpC. Alternatively, the mrpC deletion used in the original study contained a deletion of codons 74-229 in M. xanthus background strain DK1662 (Sun and Shi, 2001 ), whereas our deletion removes a larger portion (codons 14-228) in background strain DZ2. However, given both mutant strains have identical phenotypes, we think this is unlikely to be the difference. Importantly, our analyses have identified a mechanism by which MrpC interferes in its own expression by demonstrating that it competes for binding sites with the transcriptional activator, MrpB. As a bEBP homolog, MrpB is predicted to activate r 54 -RNAP to initiate mrpC transcription. Although we have not directly demonstrated that mrpC is expressed from a r 54 dependent promoter, bioinformatic analysis of the mrpC region (-331 to 150 bp) with a positional weight matrix generated from known r 54 promoters, confidently predicts a r 54 binding motif [p 5 1.53 3 10 25 ; false discovery rate (q) 5 0.00419] (Grant et al., 2011) , which is located 215 bp from the mapped mrpC transcriptional start (Nariya and Inouye, 2005 Fig. S1C ). Thus, we conclude the CRP homolog, MrpC, influences transcription from a r 54 promoter.
Using heterologous systems, mechanisms by which CRP mediates repression at r 54 -dependent promoters have been described. First, E. coli CRP has been shown to negatively regulate the expression of Sinorhizobium meliloti dctA by directly competing with its bEBP, DctD, for binding at the UAS sites (Wang et al., 1993 (Wang et al., , 1998 . Similarly, direct interactions between E. coli CRP and the r 54 -RNAP complex can either produce an alternative closed promoter complex (Wang et al., 1998) or disrupt the conversion from closed promoter complex to an open promoter complex on the Pseudomonas putida Pu promoter (Zhang et al., 2014) . In a native system, E. coli CRP binding to the glnAp2 promoter induces DNA bending that prevents the bEBP NtrC from interacting with the r 54 -RNAP complex (Huo et al., 2006 (Nariya and Inouye, 2006) (Fig. 3A) . Together, these studies suggest that combinatorial regulation between a CRP homolog and a r 54 -dependent promoter may be widespread at least amongst the Proteobacteria, having been characterized, thus, far in Alpha-, Gamma-and Deltaproteobacteria.
Our data indicating that MrpC is a negative, rather than a positive, autoregulator has important implications for our understanding of the function of the genetic regulatory network which drives M. xanthus development. Positive autoregulation results in genetic regulatory circuits that have an increased response time and an increase in the cell-to-cell variability of gene expression, which can lead to the bifurcation of cells into distinct subpopulations (Alon, 2007) . Thus, early reports led to an attractive model in which MrpC positive autoregulation produced variable expression of mrpC in different cells (i.e., peripheral rods versus spores) (Kroos, 2007) . MrpC is still an attractive candidate for regulation of cell fate segregation because its expression (Fig. 1C and D and Supporting Information Fig. S1B ) and protein levels are reduced in the peripheral rod population , but it is likely that bifurcation of MrpC is due to additional regulatory system(s), such as protein turnover (Schramm et al., 2012) and/or regulation of MrpB activity (Sun and Shi, 2001) .
What role does MrpC negative autoregulation play in the developmental program? Analysis of network motifs in E. coli, suggests negative autoregulation shortens the response time of genetic regulatory circuits (i.e., steadystate levels are reached more quickly), decreases the cell-to-cell variability in gene expression, and may increase the dynamic range of signaling input (Alon, 2007; Madar et al., 2011) . Direct extrapolation from network motifs modeled in exponentially growing E. coli cells to M. xanthus developmental cells has its limitations, but we can postulate that MrpC negative autoregulation allows the cells to more quickly respond to certain stress conditions, such as starvation or the asyet-unidentified stimuli that initiate the artificial chemicalinduced or 'quick spore' (O'Connor and Zusman, 1997) program. Negative autoregulation may also be important to ensure that the cells in the population expressing mrpC, do so in a synchronized and coordinated fashion. We are currently investigating the role of MrpC negative autoregulation by analyzing the in situ MrpC patterns and phenotype of cells expressing MrpC from promoters in which negative autoregulation is abolished.
Our second major revision to the model concerns activation of MrpC as a transcriptional regulator. Initial studies suggested that MrpC2 was induced to stimulate transcription by binding with higher affinity to at least two targets (mrpC and fruA) (Nariya and Inouye, 2006) . It was also proposed that MrpC2 was generated by a LonD-dependent proteolytic processing event which removes its unique 25-35 residue N-terminal extension to produce the MrpC2 isoform (Ueki and Inouye, 2003; Nariya and Inouye, 2006) . The data described here indicate that 'MrpC2', although it can accumulate to at least wild-type levels in vivo, is not sufficient to induce FruA production (Fig. 2B, bottom panel) , aggregation ( Fig. 2A) or sporulation (Supporting Information  Fig. S2C ). Furthermore, recent in vitro studies have not replicated the observation that MrpC2 binds with increased affinity to the fruA promoter region (Robinson et al., 2014) , and we observed here that MrpC and MrpC2 bind with equal affinity to individual binding sites within the mrpC promoter ( Fig. 3E and Supporting Information Fig. S3 ). Taken together, these results strongly suggest that MrpC2 is not the active form of MrpC. Additionally, by using chemical induced spores in which MrpC protein levels are uncoupled from an early block in development observed in the lonD mutant (LaRossa et al., 1983; Tojo et al., 1993) , we have shown that
LonD cannot be essential for MrpC2 production during sporulation because a lonD mutant produces normal levels of 'MrpC2' (Fig. 5) . Finally, given our observations that 'MrpC2' can be observed only under extended cell lysis procedures, we suggest the presence of MrpC2 in cell lysates is likely an artifact (Fig. 5) . Indeed, retrospective analysis of the literature indicates 'MrpC2' is most predominant in cases where cell lysates were not directly denatured (Nariya and Inouye, 2006; Lee et al., 2012) , but is not readily detected when prepared by TCA precipitation (Schramm et al., 2012) .
Analysis of the mrpC D1-25 mutant revealed that the unique amino-terminal region of MrpC is essential for its activity in vivo, although it does not appear to be necessary for in vitro studies. Why might the N-terminal region be necessary for in vivo activity? One proposed model suggests that the MrpC N-terminal region is phosphorylated by the Ser/Thr protein kinase, Pkn14, which prevented production of MrpC2 (Nariya and Inouye, 2006) . This model was based on observations that in vitro Pkn14 directly phosphorylates MrpC but not MrpC2, and that deletion of a pkn14 mutant yielded a developmental phenotype in which FruA accumulated prematurely, leading to earlier formation of fruiting bodies (Nariya and Inouye, 2005; Nariya and Inouye, 2006) . However, these mutants were generated in the DZF1 (aka DK101) M. xanthus background which has known pleiotropic effects on both motility and development (Wall et al., 1999) . We have subsequently deleted the pkn14 gene in both the DZ2 and DK1622 wild-type M. xanthus backgrounds and demonstrated that the developmental phenotype is instead delayed (Feeley, Bhardwaj, and Higgs, unpubl. results) . It should be noted that we have previously demonstrated that at least one other mutant (mazF) generated in the DZF1 background produced a developmental phenotype that is not reproducible in the DZ2 and DK1622 backgrounds . It was additionally shown that this discrepancy in the mazF phenotypes was due specifically to the pilQ1 allele (Boynton et al., 2013) , strongly suggesting the DZF1 phenotypes are not simply due to natural strain to strain variation (Bradley et al., 2016) . These data suggest that phosphorylation of the N-terminal fragment in MrpC may instead be the activating signal for MrpC which may be necessary for important in vivo interactions either with its coregulators [i.e., MrpB or FruA (Mittal and Kroos, 2009a) ] or interactions with RNAP.
Based on the data reported here, we propose the following revised model for MrpC control of the developmental program (Fig. 6) . After sensing nutrient limitation, the MrpA histidine kinase and MrpB EBP are upregulated and MrpB becomes phosphorylated (MrpB-P) in a process that is likely independent of MrpA kinase activity (Sun and Shi, 2001 ). MrpB-P binds to UAS1/2 and induces the RNAP holoenzyme leading to transcription of mrpC. Accumulating MrpC then competes with MrpB-P for binding to UAS1/2 (BS3/4). The net result is a gradual accumulation of MrpC which appears to be necessary for coordinated aggregation into organized fruiting bodies, because premature accumulation correlates with poorly organized fruiting bodies (Cho and Zusman, 1999; Higgs et al., 2008) . MrpC (and/or MrpC-P) controls hundreds of genes around the genome (Robinson et al., 2014) , but a key target is the transcriptional regulator fruA, which is necessary for triggering cells to aggregate into fruiting bodies (Ogawa et al., 1996) . MrpC and FruA coordinately regulate several genes likely to coordinate sporulation within fruiting bodies (Mittal and Kroos 2009a,b; Lee et al., 2011; Son et al., 2011; Campbell et al., 2015) . Early during development, MrpC accumulation is additionally controlled by EspAC-dependent stimulation of an unidentified protease, which may contribute to efficient segregation of cells into peripheral rods (Cho and Zusman, 1999; Schramm et al., 2012) . Prior to the onset of sporulation, if nutrients return, MrpC turnover can be stimulated by nutrient-responsive protease(s) to prevent commitment to the costly sporulation program (Rajagopalan and Kroos, 2014) (not shown in Fig. 6 ).
This model highlights the important roles that the CRP homolog, MrpC, plays as a major regulator of cell fate segregation during the developmental program. MrpC is necessary for aggregation of cells into fruiting bodies (Sun and Shi, 2001 ), induction of the core After the onset of development, mrpB expression is induced and MrpB is subsequently phosphorylated (MrpB-P). Expression of mrpC is induced by MrpB-P (Sun and Shi, 2001 ), but repressed by MrpC, which competes with MrpB-P for binding. MrpC regulates several genes necessary for aggregation and sporulation, including fruA (Ueki and Inouye, 2003) . MrpC and FruA combinatorially regulate the expression of several developmental genes, which likely coordinates cells to sporulate only after aggregating into mounds (Mittal and Kroos, 2009a,b; Lee et al., 2011; Son et al., 2011; Campbell et al., 2015) . Phosphorylated EspA and EspC (EspA-P, EspC-P) induce MrpC proteolysis through an unknown protease (black scissors) (Schramm et al., 2012) , which may be critical for differentiation into peripheral rods (Cho and Zusman, 1999 sporulation program (Muller et al., 2010) , appropriate developmental cell doubling , activation of a MazF-like toxin (Boynton et al., 2013) , and likely control of peripheral rod differentiation, because its absence in this cell population may prevent either aggregation or sporulation . Consistent with other regulators that play key roles in regulating cell differentiation states, such as Spo0A in Bacillus subtilis (Tan and Ramamurthi, 2014) or CtrA in Caulobacter cresentus (Lasker et al., 2016) , MrpC is subject to multiple levels of regulation which converge to direct its accumulation and activity in certain cell populations. This study is an important step in an accurate understanding of MrpC regulation, which is necessary to interpret our ongoing investigations into cell specific accumulation patterns and the link to cell fate segregation within this complex multicellular program.
Experimental procedures
Bacterial strains, growth and development conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli were grown under standard laboratory conditions in LB media and supplemented with 50 lg ml 21 of kanamycin and/or 100 lg ml 21 of ampicillin when necessary (Maniatis et al., 1982) . M. xanthus strains were grown under vegetative conditions in CYE broth (with shaking at 250 r.p.m.) or on CYE 1.5% agar plates (Campos and Zusman, 1975) at 328C and supplemented with 100 lg ml 21 of kanamycin or oxytetracycline at 10 lg ml 21 , where necessary. Starvation-induced development of M. xanthus strains was performed under submerged culture conditions (Lee et al., 2010) . Briefly, cells were grown overnight in CYE broth, diluted to an absorbance at 550 nm (A 550 ) of 0.035 in fresh CYE, and then 16, 9 or 0.5 ml were seeded into a 100 mm or 80 mm petri dishes or one well of a 24 well plate respectively. Cells were grown into a confluent layer for an additional 24 h at 328C. To initiate the developmental program, CYE was replaced by an equivalent volume of MMC (Lee et al., 2010) , followed by continued incubation at 328C. To determine the number of spores, developing cells were pelleted for 10 min at 4696 3 g, resuspended in 0.5 ml of sterile water, heated at 508C for 60 min and sonicated three times (30% output, 15 s using a microtip and Branson Sonifyer 250). Phase-bright spores were counted with a Helber bacterial counting chamber (Hawksley, UK) and reported as average and associated standard deviation normalized to wild-type spores as indicated. Chemical-induced spores were generated as described previously . Briefly, M. xanthus strains were grown CYE broth at 328C to 0.3 A 550 . Sterile glycerol was added to a final concentration of 0.5 M, and cultures continued to shake at 328C overnight.
Construction of plasmids and strains
Primers used in this study are listed in Supporting Information Table 2 . Plasmid pPTM014 was constructed by using over-lap PCR to fuse the promoter region of mrpC (-331 to 13) to the mCherry gene using primers oPH500, oPH501, oPH502 and oPH503. The overlap PCR protocol is described in detail elsewhere (Lee et al., 2010) . The fused PCR product was cloned into the XbaI/XmaI sites of pSL8 (removing the existing insert). Plasmid pPH167 was generated by PCR amplification of mrpC codons 26-248 (oPH486/oPH685); the product was cloned into the BamHI/ XhoI sties of pET28a. Plasmid pPTM021 was generated by PCR amplification of mrpB codons 403-489 with primers oPH1816 and oPH1817; the product was cloned into the BamHI/HindIII sties of pET32a. Plasmid pPTM022 (pSL8 P mrpC(DBS3-5) -mCherry) was generated by PCR amplification of mrpC (-161 to 13)-mCherry from pPTM014 using primers oPH1861 and oPH1869 and cloned into the XbaI/ XmaI sites of pSL8. Plasmid pPTM024 (pSL8 P mrpC(DBS5) -mCherry) was similarly constructed except PCR amplification of mrpC (-238 to 13)-mCherry was performed with primers oPH1885 and oPH1869. Plasmid pKC002 was generated by PCR amplification of lonD codons 477-643 using primers oPH1826 and oPH1827; the product was cloned into the HindIII/KpnI sties of pMR3629 (replacing the vanR-1.38 kb segment) (Iniesta et al., 2012) . Plasmid pFO001 was generated by PCR amplification mrpC2 (-331 to 1248) from PH1108 genomic DNA template using primers oPH500 and oPH947; the product was cloned into the HindIII/EcoRV sties of pFM18. All plasmids were sequenced to confirm the absence of PCR generated errors. The strategy used to construct plasmids for generation of in-frame deletions or point mutations has been described in detail (Lee et al., 2010) . Briefly, 500 bp sequences upstream and downstream of the respective deletion/point mutation were fused and cloned into the pBJ114 suicide vector.
Strains bearing in-frame deletions or point mutations in endogenous loci were generated using a kanamycin R /galK positive/negative selection strategy as described in detail previously (Lee et al., 2010) . M. xanthus strain DZ2 was transformed by plasmids pVG118, pVG119 or pPM117 to generate strains PH1121, PH1123 or PH1108 respectively. Strain PH1025 was transformed by pVG119 to generate strain PH1125.
Strains bearing plasmids integrated at the genomic attB site were generated by site-specific recombination with plasmids bearing the Mx8 phage attP site (Magrini et al., 1999) ; integration was selected by plasmid-borne resistance to kanamycin at 100 lg ml 21 or oxytetracycline at 10 lg ml 21 , as indicated. Proper integration was confirmed by PCR as per (Magrini et al., 1999) . Strains PH1122, PH1124 and PH1126 were generated by electroporation of pPTM014 into strains PH1121, PH1123 and PH1125 respectively. Strain PH1109 was generated by electroporation of pVG112 into strain PH1108. Strains PH1161 and PH1162 were generated by electroporation of pPTM022 and pPTM024 into strain DZ2 respectively. Strains PH1118 and PH1160 were generated by electroporation of pVG114 and pFO001 into strain PH1025 respectively.
Separation of aggregating and nonaggregating populations
Cells were developed under submerged culture conditions in 100 mm Petri dishes as described above. Subpopulation separation was performed as described previously in detail (Lee et al., 2010) . Briefly, at each indicated time point, cells were harvested, pelleted at 50 3 g for 5 min, and supernatant (nonaggregating) and pellet (aggregating) fractions were gently dispersed. For fluorescent microscopic analysis of individual cells in each fraction, 10 ll of cells was spotted on agar pads [1.5% (w/v) agarose in 10 mM MOPS pH 7.2, 1 mM CaCl 2 , 1 mM MgCl 2 , 50 mM NaCl] covered with a cover slip and stored in a humidity chamber (for 5-10 min) to allow cells to settle on the agar surface. Phase contrast and fluorescent images were captured using a 40x objective with the Zeiss Axio Imager.M1 microscope (Carl Zeiss, Jena) and a Cascade 1K camera. Images were analyzed using MetamorphV R v.7.5 (Molecular Devices). Random cells (n 100) were identified on the phase contrast image and equal size region-of-interest (ROI) boxes were drawn around each cell and copied to its immediate vicinity (background). ROIs were transferred to the corresponding fluorescent image and the average intensity of all the marked regions was recorded. For each cell, the absolute fluorescence was determined by subtracting the background fluorescence from the cell fluorescence signal with negative values scored as zero. The average and associated standard deviation of background-subtracted single cell fluorescent intensities at each time point was plotted. For immunoblot analysis of separated cells, the number of cells in each fraction was counted with a Beckman Coulter cell counter using a 20 lm cappillare. Counted cells in each fraction were pelleted at 4600 3 g, 48C for 10 min and resuspended in proportionate volumes of lysis buffer to have equal number of cells for immunoblots, as described previously in detail .
Analysis of mCherry fluorescence by plate reader M. xanthus strains were developed in 24 well plates as described above. At the indicated time points, 0.5 ml cell volumes were harvested from 3 wells, pooled, transferred to 2 ml screw cap tubes and dispersed two times at 5.0 m s 21 for 45 s at 48C in a FastPrepV R 24 homogenizer (MP Biomedical). Each sample of 150 ll (Figs 1B and 4C) or 100 ml (Supporting Information Fig. S2D ) was transferred to a clear bottom CostarV R black 96 well plate (Corning Incorporated) in triplicate. 96 well plates were scanned in an Infinite M200 plate reader (Tecan Infinite M200) using excitation/emission wavelength of 582/613 nm (Fig. 1B and Supporting Information Fig. S2D ) or scanned in a Typhoon Negative autoregulation by MrpC 257 FLA 7000 [Pixel size: 25 lm, PMT: 500, Latitude: 4, Excitation wavelength: 532 nm, Emission filter: O580] (Fig. 4C ) and fluorescence intensity was quantified in ImageQuant TL. For normalization to protein, the remaining cells were pelleted at 17,000 3 g for 5 min at 48C, resuspended in 105 ll of clear LSB [62.5 mM Tris-HCl, 10% (v/v) glycerol, 2% (w/v) SDS], heated at 998C for 5 min and stored at 2208C. The concentration of protein in each sample was measured with the Pierce BCA protein assay kit (Thermo Fisher Scientific). Fluorescence for each sample was normalized to the corresponding protein concentration. For normalization to cell number, 10 ml dispersed cells were counted in an automated cell counter (Beckman Coulter) with a 20 lm aperture. Similar patterns of expression were observed if fluorescence intensity was normalized to protein or cell number.
Cell lysate preparation and immunoblot analysis
For analysis of developmental samples, M. xanthus strains were developed in 100 mm plates as described above. At the indicated time points, cells from two plates were combined, pelleted 4696 3 g at 48C for 10 min, resuspended in 400 ll MMC-PI (MMC containing 1:20 dilution Sigma Mammalian Protease Inhibitor Cocktail), and disrupted by beating with 0.1 mm Zirconium beads six times for 45 s at 6.5 m s 21 at 48C. Protein concentration was determined by BCA assay (Pierce) and samples were prepared to 2 lg ll 21 in 2X LSB (Laemmli, 1970) and heated at 998C for 5 min. Each sample of 10 lg was analyzed by immunoblot using SDS-PAGE (12% acrylamide) as described below.
Protein samples from chemical-induced spores were prepared by sonication, direct resuspension or TCA precipitation. Sporulation was induced as described above, and cells were harvested 30 min after addition of glycerol. Cell number was calculated using 0.3 A 550 5 1.7 3 10 8 cells ml
21
. For sonicated samples, 20 ml of glycerol-induced cells (see above) were pelleted at 4696 3 g at 48C for 10 min. Pellets were resuspended in 0.5 ml MMC-PI, then sonicated on ice as described above. 6.3 3 10 12 cells were brought to a final volume of 100 ll in 2x LSB, then heated at 998C for 5 min. For direct resuspension, 6.3 3 10 12 cells were pelleted at 17,000 3 g, resuspended in 100 ll 2x LSB, then heated at 998C for 5 min. For TCA precipitation, 16 ml of glycerol induced cultures were pelleted at 4696 3 g at 48C for 10 min. Pellets were resuspended in 0.5 ml MMC, mixed with 0.5 ml of 26% trichloroacetic acid (TCA), incubated on ice for at least 15 min, pelleted at 17,000 3 g, washed twice in 0.5 ml cold acetone, then resuspended in 100 ll of 100 mM Tris, pH 8 and 300 ll of LSB. Samples were heated at 948C for 1 min. Volumes equivalent to 6.3 3 10 12 cells were brought to a final volume of 100 ll in 2x LSB, then heated at 998C for 5 min. 12 ll (18 lg) of each sample was subject to immunoblot analysis as described below.
Protein samples were resolved by denaturing SDS-PAGE on 13% (unless otherwise indicated) polyacrylamide (29:1) gels and transferred to polyvinylidene difluoride (PVDF) membranes using a semidry transfer apparatus (Hoefer). Western blot analyses were performed using 1:1000 antiMrpC , 1:10,000 anti-mCherry (Chen et al., 2005) or 1:1000 anti-FruA (Lobedanz and SogaardAndersen, 2003) primary antibodies. Goat anti-rabbit IgG secondary antibodies conjugated to a horseradish peroxidase (HRP) were used at a dilution of 1:20,000 and signal was detected with enhanced chemiluminescence substrate (Thermo Fisher Scientific) followed by exposure to autoradiography film.
Quantitative real-time PCR mrpC mRNA levels in reporterless backgrounds were examined using quantitative real-time reverse transcriptase PCR. Strains were developed for 24 h under submerged culture in 100 mm Petri dishes as described above. Cells were harvested and total RNA was isolated using the hot phenol method (Muller et al., 2010) . RNA 10 lg was treated with RNase-free DNase I (Fermentas), and 1 lg RNA was transcribed into cDNA using random hexamer primers (Amersham) and Superscript III reverse transcriptase (Invitrogen) in a 20 ll reaction; a detailed protocol has been published previously (Muller et al., 2010) . Real-time PCR was performed in a 7300 Real Time PCR System (Applied Biosystems) using 2 ll of a 1:20 dilution of the cDNA reaction as template and 0.2 lM primers specific to the 5' UTR of mrpC (oPH655 and oPH656; see Supporting Information Table 2 ) in a 26 ll reaction volume using SYBR green PCR master mix (Applied Biosystems). Real-time-PCR cycle conditions were as follows: 508C for 2 min, 958C for 10 min and 40 cycles of 958C for 15 s and 608C for 1 min. Melting and dissociation curves were determined following 958C for 15 s, 608C for 30 s and 958C for 15 seconds; single peaks were verified for each sample. Genomic DNA was used as a positive control and water and mock cDNA reactions lacking reverse transcriptase were used as negative controls. Ct values for each reaction were assigned automatically by the system software (7300 System SDS software v1.2.3). Average Ct values were calculated from triplicate technical replicates for two independent biological replicates. Fold induction was determined as 2 -(Ct sample -Ct wt) and the Log2 of each fold induction was plotted.
For analysis of mrpC mRNA levels in separated populations at 36 h, cells were harvested, populations separated, RNA isolated and cDNA generated as described above. Average qPCR Ct values were calculated from duplicate or triplicate technical replicates. Primer efficiencies (E) for mrpC and 16S rRNA primers were determined as 1.98 and 1.94 respectively. The NA/A ratio was determined as (E mrpC ) DCt mrpC) /(E 16S RNA ) DCt 16S RNA ), where DCt 5 Ct NACt A respectively. The ratios for two independent biological experiments and the calculated average were plotted as circles and line respectively.
Overexpression and purification of recombinant protein
Production of His 6 -MrpC and His 6 -MrpC2 was induced with 1 mM isopropyl 1-thio-b-D-galactopyranoside (IPTG) for 3.5 h at 378C in E. coli BL21(kDE3). Trx-His 6 -MrpB HTH was overexpressed in E. coli BL21 (kDE3)/pRP by induction with 0.5 mM IPTG for 5 h at 378C. Each culture was pelleted at 9936 3 g for 15 min at 48C, supernatant was removed and pellets were stored at 2208C until needed. Pellets were resuspended in lysis buffer [50 mM HEPES pH 7.4, 500 mM NaCl and 20 mM imidazole] and lysed by French press three times at 18,000 p.s.i. Lysates were centrifuged at 600 3 g for 30 min at 48C to remove inclusions bodies and unlysed cells. The supernatants were purified at 48C on 1 ml of 50% slurry Ni-NTA resin (Qiagen) pre-equilibrated with lysis buffer. The resin was washed with 5 column volumes (CV) of wash buffer [50 mM HEPES (pH 7.5 for His 6 -MrpC/MrpC2 or pH 7.4 for Trx-His 6 -MrpB), 500 mM NaCl, 50 mM imidazole]. His 6 -MrpC/MrpC2 and Trx-His 6 -MrpB HTH were eluted in 1 ml or 0.6 ml fractions of respective lysis buffer, containing 100, 250 and 500 mM imidazole. A sample of each fraction was analyzed by SDS-PAGE and the fractions containing the peak amounts of purified protein were pooled together. His 6 -MrpC/MrpC2 were dialyzed into 750 ml of dialysis buffer 1 [50 mM HEPES pH 7.5, 250 mM NaCl, 1 mM dithiothreitol (DTT), 20% (v/v) glycerol] for 1 h at room temperature, then transferred to 750 ml of dialysis buffer 2 (buffer 1 except 100 mM NaCl) overnight at 48C. Trx-His 6 -MrpB HTH was dialyzed into 1 liter of dialysis buffer 1 (except pH 7.4) for 2 h at 48C, then transferred to 1 liter of dialysis buffer 2 (except pH 7.4) overnight at 48C. All dialyzed proteins were stored at 2208C.
Electrophoretic mobility shift assay
DNA fragments used in electrophoretic mobility shift assays (EMSAs) were composed of three annealed primers: a universally double Cy5-labeled forward primer (14 bp), an unlabeled forward primer containing the protein binding site (30 bp) and an unlabeled reverse primer (44 bp) that is complementary to both the labeled and unlabeled-forward primers (Jullien and Herman, 2011) . The three primers were combined in a molar ratio of 5:5:1 [labeled forward: unlabeled forward: unlabeled reverse] and annealed in a thermocycler as follows: 948C for 2 min, ramp down to 708C at 4.08C s 21 and ramp down to 188C at 0.18C s
21
. The probes were then diluted in TE/NaCl [10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 50 mM NaCl] such that the reverse primer concentration was at 1 lM. For standard EMSAs, purified His 6 -MrpC/MrpC2 or Trx-His 6 -MrpB HTH were incubated with 50 nM labeled probe in binding buffer [10 mM Tris-HCl pH 8.0, 50 mM KCl, 1 mM EDTA pH 8.0, 1 mM DTT, 50 ng ll 21 poly(dI-dC), 0.01 lg ll 21 BSA, 10% (v/v) glycerol] at 208C for 30 min. Five microliter of each reaction was loaded on to a degassed polyacrylamide gel [10% polyacrylamide (37.5:1 acrylamide/bis-acrylamide), 0.5x Tris-Borate-EDTA (45 mM Tris-borate, 1 mM EDTA pH 8.0)] and run at 100 V in 0.5x TBE buffer at 48C. Gels were scanned on a Typhoon FLA 7000 [Pixel size: 25 lm, PMT: 500, Latitude: 4, Excitation wavelength: 635 nm, Emission filter: R670]. For competition EMSAs, purified His6-MrpC was incubated with 25 nM probe and 1 mg anti-Trx monoclonal antibodies (Millipore Sigma) in binding buffer for 30 min at 208C. After the initial incubation, 2 ml of either ddH2O or Trx-His 6 -MrpB HTH was added to each tube and incubated for an additional 30 min at 208C. 15 ml of each reaction was loaded on to a degassed 6% polyacrylamide gel (37.5:1) and run at 100 V in 0.5x TBE buffer at 48C. Gels were analyzed as described above.
